Carrier recombination lifetime measurements and analyses based on Shockley-Read-Hall, radiative, and Auger recombination mechanisms were utilized to characterize the material quality of HgCdTe grown by molecular beam epitaxy. The Auger recombination mechanism employed in this analysis is in the theoretical framework according to Beattie and Landsberg ͓Proc. R. Soc. London, Ser. A 249, 16 ͑1959͔͒, which we independently re-evaluated using the electronic band structures computed with a 14-band k · p methodology and direct evaluations of the transition rates. The Levenberg-Marquette method was used to fit the temperature-dependent carrier recombination lifetimes as measured by the photoconductive decay technique. Based on the above methods, carrier recombination lifetime measurements were developed as a routine characterization technique.
The carrier recombination processes in HgCdTe, as quantitatively characterized by the minority carrier recombination lifetime, directly contribute to both photon detection efficiency and noise generation mechanisms of the corresponding fabricated photovoltaic infrared devices, and hence are critical to the device figures of merit, such as detectivities and zero-bias dynamic-resistance-area products. Carrier recombination lifetime characterization can hence be used by both material grower and device fabricators to not only determine the quality of grown epilayer itself but also consequently predict performance upper limits of the detector to be fabricated before fabrication takes place. For HgCdTe, three carrier recombination mechanisms, Auger, radiative, and Shockley-Read-Hall ͑SRH͒ determine the total recombination rate. Since the three mechanisms show different temperature dependencies, the measurement of temperaturedependent lifetimes and related fitting calculations are helpful to decouple the contributions from each mechanism. This offers an approach to study the recombination processes in HgCdTe. Among the three mechanisms, Auger and the radiative recombination are intrinsic and are consequently determined by intrinsic material properties, such as composition and doping levels that can be precisely measured by other techniques, e.g., Hall effect and infrared absorption mapping. 1 The difference between the calculated and measured lifetimes is usually attributed to SRH recombination, which stems from defects in HgCdTe and can be fitted using SRH theory.
Therefore, to improve material properties for detectors, we have to increase the material induced lifetime component by reducing SRH contributions, namely, suppress the formation of SRH centers in the material. This becomes the ultimate goal of HgCdTe molecular beam epitaxy ͑MBE͒ grower and processor. Obviously, the successful achievement of such a goal relies largely on the precise determination of intrinsic lifetime upper limits in narrow gap HgCdTe semiconductors.
Historically, intrinsic lifetime limits have been determined by calculations involving the Auger and radiative recombination mechanisms. The Auger recombination lifetime calculation often uses sets of semiempirical formulas developed by Beattie-Landsberg-Blakemore ͑BLB͒ 2,3 with several key parameters determined experimentally. 4 Although the p-type Auger-7 lifetime has long been subject to controversy, the n-type band-to-band Auger-1 lifetime was deemed to be well established until recently. 5, 6 In this letter, we also conducted Auger recombination calculations based on 14-band k · p band structure calculations and direct evaluations of the transition rates to test the BLB form in n-type longwavelength-infrared ͑LWIR͒ HgCdTe and hence to reevaluate the theoretical lifetime upper limits.
The HgCdTe epilayers in this work were all grown by MBE on lattice-matched bulk CdZnTe ͑211͒B substrates that are capable of yielding materials with dislocation densities in the range of high 10 4 to mid-10 5 -cm −2 . Details regarding MBE growth are discussed elsewhere. 7 Photoconductive decay lifetime measurements were performed over the 77 K to room temperature range using a digital oscilloscope with a bandwidth of 100 MHz and a sampling rate of 1 GHz. A near infrared semiconductor laser with a pulse rise/decay time of approximately 6 ns was used as the excitation source. A simplified in situ JFET electronic circuit acting as a preamplifier with a bandwidth of about 1 GHz was employed inside the cryostat. The recombination lifetime was then obtained by fitting the digital voltage decay signal.
The doping levels of all HgCdTe samples were obtained from low temperature carrier concentrations extracted from temperature and field dependent Hall coefficients.
Because Auger, radiative, and SRH are the three commonly recognized carrier recombination mechanisms, the total lifetime is as follows: 
where T is the temperature, k B is the Boltzmann constant, E g is the energy gap, = ͑m c ‫ء‬ / m v ‫ء‬ ͒, m 0 is the electron mass, and m c ‫ء‬ and m V ‫ء‬ are the effective electron and hole masses, respectively. ϱ is the high frequency dielectric constant and here ͉F 1 F 2 ͉ is the Bloch overlap integral, which has been treated as a temperature-independent constant and hereby been the subject of controversy. The energy gap E g of HgCdTe is calculated from the formula of Hansen et al. 8 In addition, the intrinsic carrier concentration n i is calculated following Hansen and Schmit. 9 Hereby both E g and n i are determined by the Cd composition x and temperature T. Hence the theoretical lifetime th , as determined by radiative and Auger mechanisms at a given temperature, are fully determined by the x and the doping level.
The SRH lifetimes ͑ SRH ͒ of holes and electrons can be calculated using the formulas given by SRH, as reviewed by Lopes et al. 4 The SRH lifetimes are determined by the SRH center concentration ͑N t ͒, the energy position of the SRH state ͑E t ͒, as well as the products of carrier thermal velocity, SRH center capture cross section, and concentration, which were defined as 1 / n0 and 1 / p0 for electrons and holes. They were treated as independent fitting parameters.
The lifetime fitting procedure and models have to be carefully characterized and optimized to identify the SRH lifetimes clearly. The Levenberg-Marquardt method was employed to automatically fit the temperature-dependent lifetime data to extract precise information regarding SRH carrier recombination processes. The Hessian matrices of the model were used to analyze the fitting certainties. Tables I  and II show the certainty of the fitting parameters used in the calculation of the lifetime data of Figs. 1͑a͒ and 1͑b͒ , respectively. Reasonable certainty can be obtained for those samples that are dominated by the SRH recombination mechanism ͓as shown in Fig. 1͑a͔͒ ; however, the certainty in the SRH parameters degenerates if the measured lifetime approaches the theoretical limits determined by the Auger ͑BLB with ͉F 1 F 2 ͉ = 0.16͒ and radiative mechanisms, as shown in Fig. 1͑b͒ and Table II . If the lifetime nearly reaches the theoretical limits, our simulation results show that the obtained SRH lifetimes depend on the experimental noise and are not reliable. In addition, we found that the fitting parameters can be trapped in local minima that are strongly correlated with the starting values. Therefore, Monte Carlo and simulated annealing methods were employed to help the program to converge on the global minimum. Constrains were used to ensure that the calculations are capable of giving only physically reasonable results. Auger recombination rates for HgCdTe are dominated by electron-electron scattering, designated as Auger-1 for n-type material, as well as hole-hole scattering, designated as Auger-7 for p-type samples. As we mentioned before, although the p-type lifetime Auger-7 for HgCdTe has long been subject to controversy, the n-type band-to-band Auger-1 lifetime was deemed to be well established until recently. 5, 6, 10 However, the resulting Auger-1 lifetime is so critical for recombination lifetime characterization that we have conducted calculations to re-evaluate the band-to-band Auger-1 lifetime in n-type LWIR HgCdTe because the Auger-1 process is the major contributing factor to the lifetime of high quality LWIR HgCdTe.
Our calculations of the electronic band structure are based on a 14-band basis of the k · p method. The need to rely on a 14-band basis rather than the more common 8-band basis arises because of the sensitivity of the optical and electronic properties to the electronic structure in the secondary regions of the band structure. Errors inherent in the 8-band model become significantly more pronounced as the states become farther from the band edge. Spin-orbit splitting is included. Typical agreement with measured absorption spectra for superlattices with more complicated band structures is within 10%-50%. 11 As for the photon-energy-dependent absorption coefficient of HgCdTe thin film material with relatively simple band structures, good agreement between the calculated and experimental results was achieved. 12 Auger recombination rate calculations, which are computationally more intensive, require additional approximations and are thus characteristically less accurate than the optical properties. Despite these approximations, we have demonstrated agreement of better than a factor of 2 between theoretically and experimentally determined Auger rates in a wide variety of superlattices and bulk materials. 13, 14 The computational methodology is fully described in Ref. 15 . Briefly, the band structures and momentum matrix elements computed employing the 14-band k · p formalism are used directly as input for the computation of Auger lifetimes. They are input into the Auger rate computations in the form of look-up tables with a mesh spacing of 0.002 Å −1 . The transition matrix elements are evaluated using a statically screened Coulomb interaction and first order k · p for the wave function overlaps. One starts with 12 nested integrations over momentum variables. Conservation of momentum and energy reduces that to 8; however such a multiple integral is still intractable to direct integration. We have developed efficient Monte Carlo routines to integrate the Auger recombination rates, including electron-electron ͑Auger-1͒ scattering and hole-hole ͑Auger-7͒ scattering. The first dominates in n-type HgCdTe. The calculated result for a Hg 0.77 Cd 0.23 Te sample with an In doping level of N d =1 ϫ 10 15 cm −3 is shown in Fig. 2 . The calculated results show that the ͉F 1 F 2 ͉ indeed is a function of temperature instead of a temperature-independent parameter given by the theory of BLB. However, it does not significantly change when temperature varied from 77 K to room temperature. Hence, our results show reasonable agreement with BLB's Auger-1 formula by adjusting the overlap integral of the Bloch functions ͉F 1 F 2 ͉ to 0.16 from 0.22 ͑we typically used the latter value before the present calculations were conducted͒. This value is inside the range of 0.1-0.3 found by Lopes et al. 4 In summary, the carrier recombination lifetime measurements and analyses based on SRH, radiative, and Auger recombination mechanisms were utilized to characterize the material quality of HgCdTe grown by MBE. We re-evaluated Auger-1 recombination lifetimes of LWIR HgCdTe using a 14-band k · p method and the direct evaluation of the recombination rate. The resulting values show that overlap integrals ͉F 1 F 2 ͉ are weakly temperature dependent and can be well fitted to the extensively employed BLB theory with the values of ͉F 1 F 2 ͉ near 0.16. The Levenberg-Marquette method was used to fit the temperature-dependent carrier recombination lifetimes as measured by the photoconductive decay technique. Based on the above re-evaluated formulas and algorithms, carrier recombination lifetime measurements and fittings were developed as a routine characterization technique. They were employed to improve HgCdTe material quality by optimizing growth conditions, substrate preparation, and postgrowth thermal processing procedures.
